Dendrimers are large highly branched macromolecules synthesized from a polyfunctional core. They have shown a variety of biological properties, including, in some instances, antiviral activity. In this study, five dendrimers were evaluated for in vitro activity against herpes simplex virus (HSV) types 1 and 2 by cytopathic effect (CPE) inhibition and plaque reduction (PR) assay in human foreskin fibroblast cells. All of the compounds were active against both virus types in the CPE inhibition assay, in which drug was added to the cells prior to the addition of virus. Antiviral activity was reduced or lost in the PR assays, in which the cells were incubated with the virus before the drug was added. The prophylactic efficacy suggested that the dendrimers might have potential as topical microbicides, products intended to be applied to the vaginal or rectal mucosa to protect against sexually transmitted infections. Three dendrimers were evaluated for this application against genital HSV infection in mice. Two of the compounds, BRI-2999 and BRI-6741, significantly reduced infection rates when 15 l of a 100-mg/ml solution was administered immediately prior to intravaginal challenge, and the most effective compound, BRI-2999, provided significant protection even when applied 30 min before challenge. This is the first report of microbicidal activity by dendrimers in vivo.
Dendrimers are large highly branched macromolecules that are synthesized from a polyfunctional core (e.g., ammonia or ethylenediamine) which dictates the three-dimensional shape of the molecule. To this are added repeat units (e.g., polyamidoamine [PAMAM] , polyamino acids, polyphenyls, polyporphyrins, and polyethers) that completely react with the functional groups of the core, in turn leaving terminal functional groups that can react again. As each layer of repeat units is added to the molecule, it reacts with the functional groups of the previous layer, producing branching and an increasing number of surface functional units. In the final step, the dendrimer is capped with a layer that provides the desired surface chemical properties of the molecule. Thus, by altering the nature of the core and repeating units, the number of layers, and the composition of the surface layer, it is possible to synthesize a single polymeric molecule of defined three-dimensional structure and size that possesses predictable chemical properties.
Dendrimers have found a number of biological applications-chiefly as complexing and carrier molecules, e.g., for radiolabelling antibodies (13) , delivery of boron 10 in neutron capture therapy of tumors (2) , and as DNA transfection delivery systems (3) . However, recently it has been shown that they can also have biological activity in their own right. Dendrimer molecules have been synthesized that contain functional groups in the surface layer that can form complexes with cell or viral receptors, disrupting normal virus-cell interactions, including the initial binding of virus to the cell. Some of these molecules have shown activity in vitro against a variety of viruses, including influenza virus, respiratory syncytial virus (RSV), measles virus, and human immunodeficiency virus (HIV) ( ). The ability of dendrimers to disrupt viruscell binding suggested to us that they might be used as topical microbicides, compounds applied to the vaginal or rectal mucosa to reduce the spread of sexually transmitted infections.
In the studies presented here, we examined the activity of five dendrimers in vitro against herpes simplex virus type 1 (HSV-1) and HSV-2. Subsequently three of the compounds were further evaluated in vivo to examine their protective efficacy when used as topical microbicides in a mouse model of HSV-2-induced genital herpes infection.
MATERIALS AND METHODS
Viruses and cells. HSV-1 strain E-3777 and HSV-2 strain MS, used in in vitro assays, and HSV-2 strain 186, used in in vivo studies, were prepared by culture in low-passage primary rabbit kidney (RK) cells. Virus stocks were maintained frozen (Ϫ80°C). RK cells were prepared as previously described (15) and were maintained in minimal essential medium (MEM; Mediatech, Inc., Herndon, Va.) supplemented with 10% (vol/vol) fetal bovine serum (FBS; Hyclone, Inc., Logan, Utah). Primary human foreskin fibroblast (HFF) cells were prepared from newborn human foreskins obtained from the University of Alabama-Birmingham or Brookwood Hospital (Birmingham, Ala.) as previously described (9) and maintained in MEM with 10% FBS, vancomycin, and amphotericin B (Fungizone).
Dendrimers. All of the dendrimer molecules used in these studies were synthesized at the Biomolecular Research Institute (Clayton, Victoria, Australia). BRI-6039, BRI-2784, and BRI-2923 are PAMAM dendrimers. BRI-2999 and BRI-6741 are polylysine dendrimers. Detailed structures of the two polylysine dendrimer molecules are shown in Fig. 1 .
In vitro antiviral activity assays. In vitro antiviral activity was evaluated by cytopathic effect (CPE) inhibition and plaque reduction (PR) assays by previously described methods (12) . Briefly, these methods were performed as follows.
(i) CPE inhibition. Low-passage HFF cells were trypsinized, counted, and seeded into 96-well plates at a concentration of 2.5 ϫ 10 4 cells/0.1 ml of MEM supplemented with 10% FBS. The cells were incubated for 24 h at 37°C in 5% CO 2 -95% air in a 90% humidified atmosphere. The medium was removed, and 100 l of MEM containing 2% FBS was added to all but the first row. In the first row, 125 l of medium containing the experimental drug was added in triplicate wells. Medium alone was added to both cell and virus control wells. The drug in the first row of wells was then diluted serially 1:5 throughout the remaining wells. The plates were incubated for 1 h, and 100 l containing 1,000 PFU of HSV-1 or HSV-2 was added to each well, excluding cell control wells, which received 100 l of MEM. The plates were incubated at 37°C in a CO 2 incubator for 3 days. After the incubation period, the medium was aspirated and the cells were stained with a 0.1% crystal violet solution for 4 h, washed to remove excess stain, and allowed to dry for 24 h. The amount of CPE in each row was determined with a BioTek Multiplate Autoreader set at 620 nm. The 50% effective concentration (EC 50 ) and 50% cytotoxic concentration (CC 50 ) were determined by comparing drug-treated and untreated cells by using a MacSynergy II computer software program.
(ii) PR assay. Two days prior to use, HFF cells were trypsinized, counted, and plated into six-well plates and incubated at 37°C with 5% CO 2 and 90% humidity. On the day of assay, the drug was prepared in MEM with 2% FBS and serially diluted 1:5 in MEM to give six concentrations ranging from 100 to 0.03 g/ml. Pooled human globulin (Baxter Health Care Corporation, Deerfield, Ill.) was diluted 1:500 and added to the medium that the drug was diluted in to limit the extracellular spread of virus through the medium. The virus was diluted in MEM containing 10% FBS to a concentration which gave 20 to 30 PFU/well. The medium was aspirated from the wells, and 0.2 ml of virus was added to each well in triplicate, with 0.2 ml of medium being added to drug toxicity wells. The plates were incubated for 1 h with shaking every 15 min. The medium containing drug was added to the appropriate wells either 1 h before (PR-Pre) or 1 h after (PR-Post) the addition of the virus, and the cultures were incubated for 72 h. The overlay medium was removed, 1 ml of crystal violet stain (1% crystal violet, 20% methanol) was added to each well, and the wells were incubated for 10 min. The stain was aspirated, the wells were washed with saline, and viral plaques were enumerated with a stereomicroscope. The EC 50 s were calculated by comparing drug-treated and untreated wells by using the computer software program indicated above.
Cytotoxicity assays. The cytotoxicity produced by dendrimers in stationary HFF cell cultures was determined by microscopic inspection of cells not exposed to the virus in PR assays. In addition, cell proliferation and neutral red uptake assays were performed as previously described (12) . Briefly, these assays were performed as follows.
(i) Cell proliferation. One day prior to assay, HFF cells were seeded in six-well plates at 2.5 ϫ 10 4 cells/well in MEM containing 10% FBS. On the day of assay, dendrimers were diluted serially in the same medium at increments of 1:5 covering a range from 100 to 0.03 mg/ml. The medium was aspirated from the wells, and 2 ml of each dendrimer concentration was added to each well. Plates were incubated in a CO 2 incubator at 37°C for 72 h. The medium was aspirated from each well, and the cells were washed. Trypsin-EDTA (0.25%, 1 ml) was added to each well, and the plate was incubated until the cell monolayer detached. The cell-medium mixture was pipetted vigorously to break up the cell suspension, and 0.2 ml of the mixture was added to 9.8 ml of Isoton III (Coulter Corp., Hialeah, Fla.) and counted with a Coulter counter. Each sample was counted three times with two replicate wells per sample. The 50% inhibitory concentrations (IC 50 s) were calculated by a computer program.
(ii) Neutral red uptake. One day prior to assay, HFF cells were plated into 96-well plates at a concentration of 2.5 ϫ 10 4 cells/well. On the day of assay, the medium was aspirated, and medium containing the dendrimer was added to the first row of wells and serially diluted as described above for the CPE assay. The plates were incubated in a CO 2 incubator at 37°C for 7 days. The medium or drug was removed, the cells were washed, and 0.2 ml of 0.01% neutral red in phosphate-buffered saline (PBS) was added per well for 1 h. The dye was aspirated, and the cells were washed with a Nunc plate washer. After the wash was removed, 0.2 ml of 50% ethanol-1% aqueous acetic acid was added per well. The plates were placed on a rotating shaker for 15 min, and optical densities at 540 nm were read to determine CC 50 s.
Mouse model of genital HSV-2 infection. In vivo activity was determined by using a mouse model of genital HSV-2 infection (4-6). Briefly, female Swiss Webster mice (body weight, 18 to 21 g) (Harlan, Indianapolis, Ind.), progesterone pretreated to increase susceptibility to vaginal HSV infection (11) , were administered 15 l of a 100-mg/ml dendrimer solution in sterile PBS intravaginally 20 s to 30 min before instillation of 15 l of a suspension containing 10 4 PFU of HSV-2 strain 186. Vaginal swab samples were collected from all animals on day 2 postinoculation (p.i.) and stored frozen (Ϫ80°C) until assayed for the presence of virus by culture on susceptible RK cell monolayers. Mice were evaluated to day 21 p.i. for symptomatic infection (including hair loss and erythema around the perineum, chronic urinary incontinence, hind-limb paralysis, and mortality). Animals that did not develop symptoms were defined as infected if virus was isolated from vaginal swab samples collected on day 2 p.i.
Statistics. Incidence data were compared by Fisher's exact test. All comparisons were two tailed.
RESULTS
In vitro studies. Three PAMAM and two polylysine dendrimers were evaluated in vitro for antiviral activity against HSV-1 and HSV-2 in CPE inhibition assays. All of the compounds showed activity against both viruses when applied to target cells prior to the addition of virus (Table 1) . However, in PR assays in which the dendrimers were not added until the virus had been incubated with target cells for 1 h (PR-Post), only BRI-2999 (against HSV-1 and HSV-2) and BRI-6741 (against HSV-2) displayed antiviral activity, and only in the case of BRI-2999 against HSV-2 was the EC 50 comparable to that seen in CPE inhibition assays (Table 1) . When the PR assay was modified so that the drug was present before the virus was added to the cells (PR-Pre), antiviral activity was restored, suggesting that the compounds act at an early stage of the virus infection process ( Table 1) . None of the compounds were cytotoxic at the concentrations used in in vitro studies, as determined by microscopic inspection and neutral red uptake assay. BRI-2999 did display some toxicity in the cell proliferation assay (Table 1) , but only at concentrations that were considerably higher than those required for antiviral activity.
In vivo studies. The PAMAM dendrimer BRI-6039 and the two polylysine dendrimers BRI-2999 and BRI-6741 were evaluated in vivo for activity as topical microbicides in a mouse model of genital HSV-2 infection. In initial studies, all three unformulated dendrimers significantly reduced the incidence of disease compared to that in PBS-treated controls when applied intravaginally 20 s prior to virus challenge, but only two of the compounds, BRI-2999 and BRI-6741, also provided significant protection against infection (Table 2, study 1; P Ͻ 0.001 each). In repeat studies with BRI-2999 and BRI-6741, both compounds again significantly reduced the incidence of disease and infection (Table 2 , studies 2 and 3). However, BRI-6741 proved less effective than in the initial study, with 50% of the animals becoming infected and developing disease. Because BRI-2999 had proven the most effective of the dendrimers in preliminary studies, it was selected for use in subsequent evaluations.
An effective microbicide will need not only to protect soon after application, but also to retain activity in the genital tract for a considerable period. Accordingly, we next examined the effect of time of application on efficacy. In Table 3 , the results from study 1 show that when BRI-2999 was administered 5 min FIG. 1. Molecular structure of the polylysine dendrimers BRI-2999 and BRI-6741. The molecules are synthesized by the addition of polylysine repeat units to a central benhydrylamine core group. The capping layer is indicated as . For BRI-2999, the capping layer is naphthyl disodium disulfonate (n ϭ 32); for BRI-6741, the capping layer is phenyl disodium dicarbonxylate (n ϭ 64).
prior to virus challenge, the protection afforded was comparable to that seen in the previous studies at 20 s. Furthermore, when the interval between administration and challenge was extended to 30 min (Table 3 , study 2), protection was reduced, but disease and infection rates remained significantly lower than in controls (P Ͻ 0.001 each). In this study, we also examined the effect of p.i. treatment showing that when BRI-2999 was administered 30 min after virus challenge, it failed to provide protection against either disease or infection.
Finally, we examined the protection afforded when the concentration of BRI-2999 used was reduced to 10 mg/ml and were able to show that even at the reduced concentration, there was significant protection against infection (Table 3 , study 3).
DISCUSSION
In these studies, the five dendrimers tested all showed in vitro antiviral activity against both HSV-1 and HSV-2 in CPE reduction assays in which they were added to target cells prior to the addition of the virus. In contrast, with the exception of the activity of BRI-2999 against HSV-2, the compounds showed little activity when added to cells postexposure to the virus. Four of the compounds tested, BRI-2923, BRI-2784, BRI-2999, and BRI-6039, also have activity in CPE reduction assays against RSV (1), with BRI-2923 also being active in vitro against HIV both during virus adsorption and then during reverse transcription (17) . These results suggest that the dendrimers' primary antiviral mechanism occurs early in the infection process, possibly blocking virus attachment to the cell or interfering with adsorption. However, certain compounds, such as BRI-2923 against HIV and BRI-2999 against HSV-2, also appear to have secondary mechanisms of action.
There are limited clinical applications for antimicrobial compounds that need to be present prior to or at the time of exposure to the pathogen. However, topical microbicides represent one such application. Topical microbicides are compounds that are applied directly to the genital tract or rectum prior to intercourse to protect against the acquisition of sexually transmitted infections. The lack of effective vaccines against sexually transmitted disease (STD) pathogens has stimulated interest in the development of topical microbicides as one means of curbing the epidemic of STDs (7, 8, 14, 16) . The fact that microbicide use can be female initiated (if necessary, without partner consent) has added impetus to the search for safe and effective compounds, because it is recognized that females bear a disproportionate burden of STD infection and are frequently unable to negotiate condom use (7, 8, 14, 16) . To determine whether dendrimers were effective when used as topical microbicides, we evaluated the ability of BRI-2999, BRI-6039, and BRI-6741 in vivo to prevent HSV-2 infection in a mouse model of genital herpes that we and others have used previously for this purpose (4) (5) (6) 18) . BRI-6039 failed to provide protection, indicating as we have previously shown with other unformulated compounds that good in vitro activity is not always predictive of in vivo efficacy (4) . The other two compounds both provided significant protection in initial studies, and the most effective compound, BRI-2999, was subsequently more extensively evaluated. It was found to have efficacy both when the time of application was extended to 30 min prior to virus challenge and at a reduced concentration. The latter observation is important because microbicides will be applied repeatedly, and so using the lowest effective concentration of the active ingredient will minimize the possibility of toxic effects to the host resulting from repeated use. In this regard, all of the dendrimers evaluated showed good in vitro safety profiles. Furthermore, there was no visible evidence of toxicity in mice after a single application of any of the compounds used. Studies to evaluate the effects of repeated applications on the vaginal mucosa and normal vaginal microflora are indicated.
Although BRI-2999 was active against HSV-2 when applied after the virus had been incubated with cells for 1 h in PR assays, it did not provide protection in vivo when administered post-virus challenge. While there are a number of possible reasons for this discrepancy, it suggests that in vivo protection is mainly a result of disruption of early virus-cell interactions such as attachment and that if dendrimers are to be used successfully as microbicides, they will indeed need to be applied before prophylactically.
A microbicide that could prevent genital herpes infection would be useful, particularly in HSV-discordant couples. However, for widespread use, a microbicide would need to be effective against a variety of STD pathogens, including HIV and Chlamydia trachomatis. There is already evidence that some dendrimers do have in vitro activity against HIV (17) . Thus, further studies to determine whether dendrimers have activity against nonviral STD pathogens such as C. trachomatis appear warranted. It is also worth noting that the compounds evaluated here varied in the degree of protection afforded against disease and infection. Because dendrimer synthesis can be controlled, allowing accurate prediction of the size, threedimensional shape, and surface properties of the molecule, the results of efficacy studies such as these may make it possible to determine structure-function relationships which will allow the synthesis of extended-spectrum compounds with increased efficacy against a variety of pathogens.
In summary, we have shown that dendrimers can have in vitro activity against HSV-1 and HSV-2. This activity generally required that the compound be present at or before the time that cells were exposed to virus. This suggested that the compounds might have utility as topical microbicides. This was evaluated in a mouse model of genital HSV-2 infection and represents the first demonstration that dendrimers are effective in an in vivo setting. The studies reported here were conducted with solutions of the dendrimers, and thus it is probable that with an appropriate formulation designed for vaginal delivery, efficacy could be improved. Further studies with these compounds appear warranted.
